ABSTRACT: An edible and pH-sensitive film combined with electrochemical writing was developed by using gelatin, gellan gum, and red radish anthocyanins extract for intelligent food packaging. The composite film showed an orange red-to-yellow color change in the pH range of 2−12. The tensile strength, ductility, and barrier abilities to ultraviolet (UV) light and oxygen of the films were improved as the concentration of red radish anthocyanins increased. Multicolor patterns were successfully drawn on the films by using the electrochemical writing method. The composite films, which acted as gas sensors, presented visible color changes in the presence of milk and fish spoilage, while the written patterns were well-preserved. Accordingly, this composite film with written patterns could be an easy-to-use indicator with great potential for monitoring food spoilage as a part of an intelligent packaging system. KEYWORDS: intelligent food packaging, gelatin, gellan gum, red radish anthocyanins, electrochemical writing, film
■ INTRODUCTION
Food safety is a major global public health issues and is closely related to food quality. For end-users, ambiguous assessment of the food safety and quality may lead to either personal safety risks or food waste. The World Health Organisation (WHO) estimated that unsafe food containing harmful bacteria, viruses, parasites or chemical substances causes more than 200 diseases ranging from diarrhea to cancers, and ∼600 million people in the world fall ill after eating contaminated food every year.
1 At the same time, about one-third of the food produced for human consumption is currently wasted at the global scale. 2 Hence, it is of great significance to resolve the food quality and safety challenges to reduce food safety risk, as well as food waste.
Intelligent food packaging has received great interest recently, because of its potential for monitoring the condition of packaged foods or the surrounding environment. 3 One advantage of the intelligent packaging systems is that they can nondestructively and in situ monitor the food quality. Generally, intelligent food packaging systems can be realized by three main technologies, namely, sensors, indicators, and data carriers. 4 Among these systems, indicators (e.g., freshness indicators, time−temperature indicators, and gas indicators) that could provide qualitative or semiquantitative information by means of color changes have been widely studied, since they are easy to fabricate and can be read by the naked eye. In recent years, many pH-sensitive indicators have been developed to monitor food quality. These indicators could react with the non-neutral volatile gases that were generated from foods during spoilage, such as amines, hydrogen sulfide, and carbon dioxide. Generally, the pH-sensitive materials are composed of pH dyes and a solid matrix to immobilize the dyes. 5 Considering that traditional synthetic pH dyes with potential harmful effects to human beings are not ideal for food packaging, 6 more attention has recently been paid to natural and safe pigments, such as anthocyanins 7−15 and curcumin. 16−19 In addition, the public concern over environmental pollution caused by plastics has driven a greater demand for packaging materials to be eco-friendly by using biopolymers with good film-forming properties.
Red radish (Raphanus sativus L.) is an anthocyanins-rich vegetable, in which anthocyanins mainly exist as acylated structures. 20 Anthocyanins extracted from red radish are widely used as natural safe food-coloring agents, because of their high stability and their orange-red color being similar to that of synthetic Food Red No. 40 . 20 Since red radish is readily available at low cost, the red radish anthocyanins (RRA) is a good resource of pH-sensitive dye. The solid matrix used to immobilize anthocyanins is also a critical component of a sensitive, safe, and yet environmentally sustainable indicator. Gelatin is a denatured protein from the triple helix of collagen. It is accepted as a "generally recognized as safe" (GRAS) food additives by the U.S. Food and Drug Administration (FDA). 21 Gelatin is considered as a promising natural polymer for packaging applications, because of its biodegradability and film-forming property, 22 in particular, with good oxygen barrier property.
This may be used to protect packaged foods from being oxidized and thereby improve their shelf life. However, poor mechanical properties (such as frangibility) have been described as one of the disadvantages of gelatin films. 23 To compensate for this shortcoming, gelatin is generally crosslinked and/or combined with other polymers, such as sodium alginate 24 and chitosan. 25 Gellan gum is a linear negatively charged biodegradable exopolysaccharide. Four repeating carbohydrates are present in the main chain of gellan gum, which includes two D-glucose carbohydrates, one L-rhamnose, and one D-glucuronic acid. 26 It is safe to use with the acceptable daily intake (ADI) dose not specified, and it has received both U.S. FDA and European Union (EU) (E418) approval for application mainly as a multifunctional gelling, stabilizing, and suspending agent in a variety of foods and personal care products. 27 It was found that not only could the mechanical properties of gelatin film be significantly improved by gellan gum, 28 but the thermal stability of anthocyanins could also be enhanced by gellan gum, according to a new study. 29 Hence, the gelatin/gellan gum blend is considered to be a preferred film-forming agent to immobilize anthocyanins.
Most food packaging materials are labeled in order to provide information about the packaged foods and inks are typically derived from petrochemical feedstock, which brings significant environmental sustainability concerns to modern society. In addition, the migration of unsafe printing inks from packaging to food can be a risk for consumer health. 30 To overcome these problems, new inks such as edible inks and new techniques for printing are highly desirable. Recently, the electrochemical writing method has been successfully used to print patterns on polysaccharide film based on the pHresponsive color change of anthocyanins. 31 Since anthocyanins are safe and biodegradable, this electrochemical writing can be regarded as a green printing method. However, the related work of electrochemical writing on edible films is still limited.
In this work, we aimed to develop a new pH-sensitive and edible film by using RRA as the pH-sensitive pigment and gelatin/gellan gum (GGG) blend as the film-forming agent, respectively. The fundamental properties of films, such as microstructure, mechanical properties, and barrier properties were first investigated. Then, multicolor patterns were inscribed on this protein/polysaccharide composite film by using an electrochemical method. Finally, the film combined with deposited patterns was used to indicate milk and fish quality.
■ MATERIALS AND METHODS
Materials and Reagents. Fresh red radish (cultivar "Xinlimei") and live black carp (Mylopharyngodon piceus) were purchased from local markets. Pasteurized milk was purchased from a local cattle farm. Gelatin (type B, pig skin) was purchased from Sigma−Aldrich, Inc. (St. Louis, MO). Low-acyl gellan gum was purchased from Dancheng Caixin Sugar Industry Co., Ltd. (Dancheng, China). Other chemical agents, such as ethyl alcohol, calcium chloride, acetic acid, ammonium hydroxide, acetonitrile, and formic acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Extraction of Anthocyanins from Red Radish. Fresh red radishes were peeled, cut into pieces, and dried at 65°C under vacuum. Then, the dried red radishes were crushed into powder and transferred to 80% ethanol aqueous solution with a solid−liquid ratio of 1:10. After stirring at 35°C for 6 h, the supernatant of the solution was collected through filtration using a 25-μm filter paper. Ethanol in the supernatant was removed with a vacuum rotary evaporator at 45°C in darkness. Finally, the concentrated RRA extract solution was freeze-dried and the extract powder was stored under nitrogen at 4°C in a brown bottle.
Determination of Anthocyanins Content. The anthocyanins content in lyophilized RRA extract powder was measured via the pH differential method. 32 Absorbance at 510 and 700 nm was measured on a Cary 100 UV/vis spectrophotometry system (Agilent Technologies, Santa Clara, CA). The anthocyanins content was calculated as pelargonidin-3-glucoside with an extinction coefficient of 31 600 L/cm/mg and a molecular weight of 433.2. 33 The result showed that the total anthocyanins content in lyophilized extract powder was 303.4 ± 7.8 mg/g.
HPLC-MS Analysis of RRA. The RRA extract was purified by using AB-8 resin with methanol as the eluent. The HPLC system included a Thermo Electron Surveyor MS pump and a Surveyor autosampler injector (Thermo Electron, San Jose, CA). The chromatographic separation was performed on a column 250 mm × 4.6 mm inner diameter (i.d.), 5 μm, ZORBAX Eclipse Plus C18, with a 12.5 mm × 4.6 mm i.d., 5 μm guard column of the same material (Agilent Technologies, Santa Clara, CA). Detection was made at a wavelength of 510 nm, and the column oven temperature was set at 35°C. The solvent system was delivered at a rate of 1 mL/ min and consisted of a mixture of (A) 0.05% formic acid solution and (B) acetonitrile. The gradient program is described as follows: 0−5 min, 15% B; 15−30 min, 15%−50% B; 30−40 min, 15% B. The effluent from the column was diverted to the Thermo LXQ Linear Ion Trap system (Thermo Scientific, Waltham, MA). MS spectra were recorded in a positive ion mode between m/z 50 and 2000.
Preparation of Films. A quantity of 100 mL of aqueous dispersion containing 3 g of gelatin and 1 g of gellan gum was heated at 85°C and stirred with a magnetic stirrer for 1 h. Under this temperature, 32.4 mg of calcium bicarbonate was added into the solution. According to the calculated anthocyanins content in the lyophilized RRA extract powder (303.4 mg/g), RRA extract powder was then added to the solution to obtain the anthocyanin contents of 5, 10, 15, and 20 mg/100 mL, expressed as RRA5, RRA10, RRA15, and RRA20. After degassing with a sonicator, the film-forming solution was immediately poured into a smooth plastic Petri dish. Then, firm hydrogels were formed after the solutions were cooled. The hydrogels were dried to films at 45°C. The film was peeled from a Petri dish and stored in an incubator at 4°C with 75% relative humidity (RH) for further use.
To prepare films with labeled patterns, the above-mentioned hydrogels were removed from Petri dishes before drying. The hydrogel was placed in contact with a platinum (Pt) plate that was connected to the cathode of a CHI660E electrochemical analyzer (CH Instruments Co., Shanghai, China). Then, a Pt needle (diameter 0.5 mm) connecting to the anode was brought into contact with the upper surface of the hydrogel. Under a constant current, hydrogen ions or hydroxyl ions were produced around the Pt needle and thereby induced color changes of RRA. The movement of the Pt needle was controlled by a DOBOT M1 robotic arm (Yuejiang Technology Co., Ltd., Shenzhen, China) with a step precision of 0.1 μm. The hydrogel was immediately dried at 70°C for 30 min to form a film.
Microstructural Observation. The micrographs of the films were recorded by a S-4800 field emission scanning electron microscope (FE-SEM) (Hitachi High Technologies Corporation, Tokyo, Japan). The films were freeze-fractured by liquid nitrogen before measurement. Samples were attached to double-sided adhesive tape and mounted on the specimen holder, and then coated with gold under vacuum.
Mechanical Properties. Tensile strength (TS) and elongationat-break (EB) of the films were measured with a Model 4500 Universal Testing Machine (Instron Corporation, Canton, MA), using a modified American Standards for Testing and Materials (ASTM) standard procedure (ASTM Standard D882-00, 2000). Samples were conditioned at 25°C and 50 ± 3% RH for 24 h prior to analysis. The initial grip separation and crosshead speed were set at 40 mm and 0.6 mm/s, respectively. The TS and EB values were calculated, using eqs 1 and 2, respectively:
where TS was the tensile strength (MPa), F max the maximum load (N), S the initial cross-sectional area of the film sample (mm 2 ), EB the elongation at break; Δl the extension of the film (mm), and l 0 was the initial test length of the film (mm). The measurements represent an average of six samples.
Water Vapor Permeability. Water vapor permeability (WVP) of films was determined gravimetrically using a standard test method (ASTM Standard E96-05, 1996). The film samples that had previously equilibrated at 50% RH for 24 h were sealed on glass cups containing dried silica gel (0% RH). The cups were then placed in desiccators containing saturated Mg(NO 3 ) 2 solution (50% RH) at 25°C. The cups were weighed at 1 h intervals until a steady state was reached. The water vapor transmission rate (WVTR) of a film was determined from the slope of the regression analysis of weight gain of moisture that transferred through a film area during a definite time. The values of WVTR and WVP were calculated using eqs 3 and 4, respectively:
where Δm is the weight gain of the cup (g), x the film thickness (m), A the exposed area (m 2 ), ΔP the partial water vapor pressure difference across the film (1583.7 Pa at 25°C), and t the time (h). Measurements represent an average of six samples.
Oxygen Permeability. Oxygen permeability (OP) of the film was estimated at 25°C and 50% RH with a Model GTR-7001 automated oxygen permeability testing machine (Systester Instruments Co., Ltd., Jinan, China), following the standard method (ASTM D3985-05, 2005). Film was placed on a stainless-steel mask. Oxygen and nitrogen respectively flowed on each side of the films. Oxygen transmission rate (OTR) was measured and OP was calculated using eq 5:
where x is the film thickness (m) and ΔP is the partial pressure of oxygen (kPa). Measurements represent an average of six samples. Color Stability. The colorimetric films were stored in incubators at 4 and 25°C with 75% RH under fluorescent lights. The images of the films were captured using an optical scanner. The stability of the colorimetric films was defined as the relative color change (S), according to our previous study:
where R 0 , G 0 , and B 0 were the initial gray values of the red, green, and blue, and R 1 , G 1 , and B 1 were the gray values of the red, green, and blue after storage. Food Samples Measurement. Twenty milliliters (20 mL) of pasteurized fresh milk was poured into an unused plastic Petri dish with a lid. In the middle of the lid, a square hole was cut using a knife. The film then was fixed on the lid to cover the hole. The Petri dish was sealed with petroleum jelly and placed in an incubator at 25°C with 75% RH. The acidity of milk was measured by acid−base titration method, and the acidity (°T) (mL/100 g) was defined as the volume (mL) of sodium hydroxide solution (0.1 M) used for 100 g of milk sample. 35 Similar to the milk spoilage trial, 25 g of fresh black carp was placed into the plastic Petri dish and the film was fixed on the lid to cover the hole. The Petri dish was placed in an incubator at 4°C with 75% RH. The total volatile basic nitrogen (TVB-N) content was measured according to a reported method. 36 
■ RESULTS AND DISCUSSION
Color and UV/vis Spectra of RRA and GGG-RRA Film. High-performance liquid chromatography (HPLC) and mass spectrometry (MS) were used to identify the anthocyanins extracted from red radish. There were 13 peaks recorded at 510 nm that appeared in the HPLC chromatogram (Figure 1 ).
The structures of these anthocyanins were tentatively identified by MS analysis (Table 1) . Pelargonidin was the only anthocyanin aglycone, and the glycosides were glucoside, sophoroside, or rhamnoside. Besides, almost all anthocyanins had sugar residues acylated with ferulic acid, malonic acid, caffeic acid, or p-coumaric acid.
RRA presented different colors under different pH conditions (Figure 2A ), turning from deep orange red to light carmine over the pH range of 2−7, and then purple at pH 8−9, yellow-green at pH 10, and finally yellow at pH 11− 12. Corresponding to color changes in RRA solutions, the maximum absorption peak exhibited red-shifts along with the increases in pH. As shown in Figure 2B , the maximum absorption peak gradually shifted from 510 nm at pH 2 to 520 nm at pH 6, while the maximum absorption values decreased. As pH increased over 7, the maximum absorption peak shifted to ∼580 nm, accompanied by a maximum absorption rise at pH 7−10 and then a decline at pH 10−12. The absorbance ratio at 580 nm versus 510 nm (A 580 /A 510 ) indicated the increase of green intensity, compared to red. The inset in Figure 2B shows that there was an exponential relationship between pH in the range of 2−9 and A 580 /A 510 .
The GGG film containing RRA showed similar color ( Figure 2C ) and spectra ( Figure 2D ) changes with RRA, in response to pH variation. An exponential calibration curve was also established between pH in the range of 2−9 and A 580 / A 510 of the GGG-RRA film (see inset in Figure 2D ).
Similar exponential calibration curves for purple sweet potato (PSP) anthocyanins and a film containing PSP anthocyanins were also found previously. 37 The exponential calibration curve between pH and A 580 /A 510 for the GGG- 
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Article RRA film indicated that RRA maintained good chemical activity in the GGG film.
Microstructure of the Films. The SEM images showed that GGG film had a highly compact and dense appearance of cross section ( Figure 3A) , which was also observed in a previous study. 38 This indicated that gelatin and gellan gum had excellent compatibility with each other, because of the intermolecular interaction. When a low content of RRA (i.e., 5 mg/100 mL) was added into the GGG film, some small spindrift-like structures appeared and were uniformly distributed in the film (Figure 3B ). With the increase of RRA content, the GGG-RRA films showed obvious stratification and aggregation of spindrift-like structures (see Figures 3C  and 3D ). When a relatively high content of RRA was added, the GGG-RRA20 film, in turn, became more uniform than the GGG-RRA10 and GGG-RRA15 film, even though the size of spindrift-like structures was larger ( Figure 3E ). This phenomenon could be explained by the gelation process of both gelatin and gellan gum. During the gelation formation of gelatin, junction zones were formed by small segments of two or three polypeptide chains reverting to the collagen triple helix-like structure. 39 It has been reported that the addition of 
Article phenolic compounds promoted the formation of hydrogen bonds among the three helices. 40 For the gellan gum, the formation of gels was closely affected by the pH of the solution. Since gellan gum is a linear anionic polysaccharide, the aggregation of gellan gum helices in water was impeded by the intermolecular repulsion between its negatively charged carboxylic groups, while this intermolecular repulsion can be weakened with the decrease of pH of the solution, resulting in an enhancement of junction zone formation. 41 In this study, RRA as phenol compounds might also have contributed to the gelation of gelatin. At the same time, the decrease of pH resulting from the increasing RRA content was conducive to the gelation of gellan gum as well. Therefore, more intermolecular cross-linking within gelatin molecules and gellan gum molecules was generated, leading to partial phase separation of gelatin and gellan gum. As shown in Figures  3B−D , the continuous and compact phase with parallelarranged long chains could largely comprise gelatin, while the coarse phase could largely comprise gellan gum. However, when the RRA content was at a relatively high level (20 mg/ 100 mL), the phase separation in the GGG-RRA20 film was not as obvious as that in the GGG-RRA10 and GGG-RRA15 films. This might be due to excess RRA having a steric hindrance effect on the formation of cross-links among gelatin and gellan gum chains.
Mechanical and Barrier Properties. TS represents the capacity of the films to withstand loads that have a tendency to elongate and EB expresses the capability of the films to resist changes of shape without crack formation. The TS and EB of the GGG and GGG-RRA films are shown in Figure 4A .
With the increase of RRA content, the TS and EB of the films both became higher, indicating improved coupling strength and ductility of the films. The changes in mechanical properties of the films could be explained by the intermolecular interaction of gelatin, as well as gellan gum induced by RRA. The higher TS of the films in the presence of RRA could result from the enhanced cross-linking among gelatin and gellan gum chains, respectively. Generally, an improved TS of a film was accompanied by a sacrifice of EB. However, the EB value of the GGG-RRA films also increased with the increase of RRA. This could be due to the layered structure of the GGG-RRA films that endowed them with better flexibility, compared to the GGG film. Figure 4B shows the UV/vis transmission spectra and images (inset) of GGG and GGG-RRA films. Pure GGG film was colorless with a transparency of >80% in the visible range of 400−800 nm. The incorporation of increasing content of RRA converted the GGG film from colorless to deep orangered. The barrier property of the film to UV light could be obtained from the spectra in the range of 200−400 nm. GGG film presented excellent barrier properties to UV light in the range of 200−245 nm, where the corresponding transparencies were <1%, which was similar to a previous gelatin film. 42 Moreover, the UV light barrier ability of the films were significantly enhanced with the anthocyanins, because of their strong adsorbing ability for UV radiation, 43 because the films with higher RRA content showed improved barrier ability over broader spectra ranges. The good UV light barrier properties of GGG-RRA films is beneficial to food preservation, because 
Article UV light is known to induce deleterious change, particularly lipid oxidation. 44 Figure 4C shows the effect of RRA on the WVP of GGG films. Pure GGG film had a WVP value of 2.83 g mm/m 2 / kPa/h, which was several orders of magnitude higher than that of polyethylene (PE) and poly(vinylidene chloride) (PVDC) films. 45 The high WVP value of GGG film could be due to the hydrophilic nature of gelatin and gellan gum. With the increase of RRA content, the WVP of the films first presented a decline, followed by a rise. For GGG-RRA10 film, the WVP was 1.25 g mm/m 2 /kPa/h, which was less than half of the WVP value of the GGG film, while the GGG-RRA20 film showed a comparable WVP value (3.17 g mm/m 2 /kPa/h) to the GGG film. The water permeability of a film is largely dependent on its chemical structure, morphology, and hydrophilicity. The initial decrease of WVP of films with the increase of RRA could be due to the enhancement of the interactions of both gelatin and gellan gum molecules, reducing the amount of gelatin and gellan gum molecules interacting with water and subsequently weakening the affinity of the films toward water. Meanwhile, anthocyanins as phenolic components could form mainly noncovalent hydrophobic interactions with gelatin and gellan gum 46 and thus reduce the hydrophilicity of the films. However, a significant increase in the WVP of the film was observed from the GGG-RRA15 and GGG-RRA20 films, which may be caused by the high hydrophilicity of anthocyanins, which made the film easier to absorb water when RRA content was too high. These results indicated that the water barrier ability of the GGG film could be strengthened by the addition of a small proportion of RRA.
The GGG film had an oxygen permeability (OP) of 10.05 cm 3 μm/m 2 /d/kPa ( Figure 4D ), which was much lower than that of low-density polyethylene (LDPE) (1900 cm 3 μm/m 47 The increasing content of RRA caused a slight decrease of the OP value to 6.33 × 10 −2 cm 3 μm/m 2 /d/kPa (GGG-RRA20 film), indicating a superior oxygen barrier ability. The decrease in the OP value of the films is closely associated with the diffusion path of oxygen within the film. Apart from this, the decrease of OP resulting from the increase of RRA content could be also due to the consumption of oxygen during anthocyanins oxidation reaction.
Electrochemical Writing on GGG-RRA Film. A hydrogel needed to be fabricated in order to write information on the films using the electrochemical method. In this study, a firm and homogeneous gel with good toughness was facilely formed after the GGG-RRA solution was cooled without further treatment (see Figure 5A ). It is well-known that the color of anthocyanins is highly dependent on pH condition, so the principle of electrochemical writing on the hydrogel is shown in Figure 6 . When the Pt needle was connected to the anode of the electrochemical workstation ( Figure 6A ), a localized low pH condition was generated in the hydrogel, because of the anodic water electrolysis reaction (eq 10) so that anthocyanins changed to an orange-red color, because of their structure transformation from anhydrobase (2) to flavylium ion (1) ( Figure 6B ). In contrast, when the Pt needle was connected to the cathode ( Figure 6A ), a localized high pH condition was generated in the hydrogel, because of the cathodic water electrolysis reaction (eq 11) and therefore anthocyanins turned to yellow because of their structure transformation from anhydrobase (2) to anhydrobase anion (3) (Figure 6B ).
If we define the current direction from Pt needle to Pt plate as positive, then the current direction from Pt plate to Pt needle is negative. Apart from the current direction, the current magnitude could also make the color of the patterns different. The pattern "1" turned from light carmine to deep orange red when the current increased from 1 mA to 6 mA ( Figure 5B ), while it turned from green to yellow when the current increased from −1 mA to −6 mA ( Figure 5C ). This was because a greater current initiated a more-intense electrolysis reaction of water. Furthermore, the anthocyanins content also had a significant effect on the color of the patterns. As can be seen from Figure 5D , at a certain current Figure 5 . (A) Photograph of GGG-RRA10 hydrogel; the images of pattern "1" written on the GGG-RRA10 film under different (B) positive current and (C) negative current; (D) the images of pattern "1" written on the GGG-RRA5, GGG-RRA10, GGG-RRA15, and GGG-RRA20 film (from left to right) under the current of −4 mA, respectively; the images of multicolor pattern (E) flower and (F) apple written on the GGG-RRA10 film.
Article (−4 mA), the pattern "1" gradually changed from yellow green on the GGG-RRA5 film to blue green on the GGG-RRA20 film. This was because the hydrogel with higher content of anthocyanins had lower original pH conditions. Finally, multicolor patterns could be written by tuning the current direction and magnitude. As shown in Figure 5E and 5F, the flower with orange red petals and green leaves, and the apple with orange red fruit and yellow leaves were respectively drawn on individual films. This easy tunability of multiple colors will broaden the application of the films.
Color Stability and Gas-Sensing Ability. The selfstability of the films and the written patterns are of great importance for the practical application of the films. Figure 7A shows the images of the GGG-RRA10 film with red and yellow patterns stored at 75% RH for 30 d at 4, 25, and 37°C
. The color of the film and patterns gradually faded during storage. Especially at a higher temperature (37°C), the film obviously turned less red and the patterns discolored significantly after 30 d. This was in accord with the fact that anthocyanins had inferior thermal stability at a higher temperature, because of oxidization reactions. 48 To describe the degree of discoloration, the relative color change (S) of the film and patterns was tested. The S values of films and patterns increased slightly in the entire storage period ( Figure  7B ). In contrast, the S values of both the film and patterns were higher at a higher temperature. At each temperature, the S values of the yellow pattern were higher than that of the red pattern, followed by the film, indicating that the film had greater color stability than the red pattern and then the yellow pattern. Generally, the anthocyanins are more stable under lower pH conditions. 49 The inferior color stability of the red pattern, compared to the film, could be due to oxygen being produced along with hydrogen ions (eq 10), so that the localized anthocyanins were more likely to be oxidized.
The film presented visible color changes when reacted with acid and basic gases. As shown in Figures 7C and 7D , the GGG-RRA10 film gradually turned to be redder and green after being exposed to acetic acid gas (generated from 10 mM acetic acid solution) and ammonia gas (generated from 10 mM ammonia solution), respectively. Regarding the written patterns on the film, the red triangle and yellow triangle maintained their original colors after being respectively exposed to acetic acid ( Figure 7C ) and ammonia ( Figure  7D ). Hence, to keep the written information stable on the film, the films with red patterns and yellow patterns should be used to indicate food spoilage during which acid gases and basic gases were, respectively, the main volatile gases.
Application of Films for Indicating Milk and Fish Spoilage. It is generally expected that the film could have a rapid response to volatile gases so that it can indicate the quality of foods in their early spoilage stage. Our previous study showed that the film with a relatively low anthocyanins content had a faster response to the volatile gases, but meanwhile had a lower color visibility. 13 Hence, in this study, the GGG-RRA10 film was selected to indicate food quality. The films were fixed on the lid to cover the hole through which the volatile gases generated from milk and fish diffused to contact with the film and made a color change of the film. Figure 8A shows the color change of the GGG-RRA10 film during the milk spoilage. With the increase of time, the film turned to be redder. The color change could also be observed from the color parameters, namely red (R), green (G), and blue (B). As shown in Figure 8B , the R value increased from 232 to 253, indicating a deeper red color, while G and B value did not significantly change. Similar phenomena were also observed in a previous report.
14 This color change was largely due to the generation of organic acids during anaerobic respiration of anaerobic bacteria or facultative anaerobic 
Article bacteria under hypoxic or anaerobic condition. It is worth mentioning that the low OP of GGG-RRA10 film might contribute to a hypoxic condition for the anaerobic respiration of spoilage bacteria. The acidity is an important index to evaluate the freshness of milk. A higher acidity value indicates a larger amount of acid components and, therefore, an inferior freshness. As shown in Figure 8B , the acidity of the milk increased from 14.78°T to 25.67°T after 48 h of storage at 25°C . According to Chinese standard GB 19645-2010, the acidity value of pasteurized milk should be under 18°T to ensure quality. In this study, the acidity of the milk reached to 18°T at 25 h, while, at this point, the R value of the film was ∼240. This implied that, if the R value was >240, the milk sample was not recommended to be consumed. Figure 8C shows the color change of the GGG-RRA10 film during the spoilage of black carp. The film gradually changed color, from initial orange-red to green (7 d) , and then to yellow-green (9 d). Accordingly, the color parameter R dramatically decreased from 0 to 5 d, but slightly decreased from 5 d to 9 d ( Figure  8D) . Meanwhile, the G value increased from the 0 to 7 d, but decreased after 7 d. The B value decreased over time from an initial value of 144 to a final value of 18, indicating a deeper yellow color (the complementary color of blue). Hence, the B value could be used as a characteristic parameter for the color change of the film. The color change of the film could be mainly induced by the volatile basic gases generated from the black carp, such as ammonia, trimethylamine, and dimethylamine, because of the decomposition of proteins by bacteria and enzymes. These basic volatile gases containing nitrogen are also called total volatile basic nitrogen (TVB-N). As shown in Figure 8D , the TVB-N content increased from 4.74 mg/100 g at 0 d to 53.71 mg/100 g at 9 d at 4°C. According to Chinese Standard GB 2733-2015, the rejection limit of the TVB-N level for black carp is 20 mg/100 g. In this study, the TVB-N value increased to 20 mg/100 g at nearly 5.5 d, when the B value of the film was ∼87. This implied that if the B value was <87, then the fish sample should not be consumed. For the written patterns "F" on the GGG-RRA10 films that were used for either milk or fish spoilage, as expected, they retained clear colors and shapes (see Figure s8A and 8C) . R, G, and B values of the red "F" did not obviously change. Although the B value of the yellow "F" significantly decreased, it still remained bright yellow, because of the weak fluctuation of the R and G values. Hence, the GGG-RRA10 film combined with written pattern could be used to indicate the milk and fish spoilage.
The color parameters of the film can be easily obtained with modern digital measuring techniques, such as a smartphone, which is effective and simple to perform. Since the GGG-RRA films were made from degradable and edible biomaterials, and the patterns were drawn in situ on the films by using the electrochemical method without the need of inks, they should have a great potential for practical application in intelligent food packaging.
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